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Abstract 
Effective light trapping concepts are increasingly relevant for thinner crystalline silicon solar cells. Diffractive rear side structures 
can be designed to enhance optical light path lengths in the weakly absorbed infrared wavelength range. However, because of the 
rather difficult passivation of these nano-scale structures and possible plasma induced damages, the optical gain has so far not 
been shown on final device level for wafer-based crystalline silicon solar cells in combination with a high open circuit voltage.  
In this work, we fabricated and characterized silicon solar cells with an optically active layer at the rear side which is electrically 
decoupled from the silicon bulk by a thin, planar passivation layer. A binary diffraction grating was realized on the rear side via 
Nanoimprint Lithography (NIL) and plasma etching. For the rear side metallization a laser based foil process and 
photolithographically opened point contacts with evaporated aluminum were used as two alternative process routes. The best cell 
shows an EQE increase of up to 29 % absolute at 1100 nm compared to planar reference cells. This corresponds to a total Jsc gain 
of 1.2 mA/cm2 and a best cell efficiency of 19.4 % (Voc: 683.1 mV, Jsc: 35.4 mA/cm2, FF: 81.0 %) with planar front side and 
SiO2 antireflection coating.  
Optical simulations, which fit well to the experimental data, show that cell efficiencies of 20.8 % and 21.3 % can be reached with 
a planar front by using an optimized single layer (SiNxOy) or double layer (MgF, SiNx) ARC, respectively. By calculating Jsc for 
different cell thicknesses it is shown that a 100 μm thick solar cell incorporating the fabricated diffractive grating is expected to 
exhibit a higher Jsc than a planar cell with 250 μm thickness. 
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1. Introduction 
High efficiency silicon solar cells require effective light trapping concepts in order to convert photons from the 
near infrared part of the spectrum into electrical energy. Standard front side textures with feature sizes in the range 
of several micrometers reduce the reflectance and increase the light path length [1]. Another way to enhance the light 
trapping is the introduction of smaller scale diffractive structures at the rear side. These structures have been 
investigated by several groups and show promising optical properties combined with a planar front surface [2-7] as 
well as with a textured front [8]. J. Eisenlohr et al. use dielectric spheres which are spincoated onto a silicon 
substrate and infiltrated with a high refractive index material to realize a diffractive rear side grating [9]. Optical 
measurements show an increased absorption in the near infrared which corresponds to a photocurrent gain of 
1.04 mA/cm2 and 1.49 mA/cm2 for 250 μm and 100 μm thick silicon substrates, respectively. As alternative to the 
sphere grating geometry, Peters et al. investigated binary diffraction gratings with wave-optical simulation methods. 
For linear gratings with optimized period and depth, they expect a photocurrent gain of up to 1.8 mA/cm2 for 40 μm 
thick substrates [10]. Hauser et al. developed a process chain for binary linear and crossed gratings via Nanoimprint 
Lithography and plasma etching [11]. They also showed that two-dimensional gratings lead to a higher photocurrent 
gain than one-dimensional gratings, which is in agreement with theoretical results from Mellor et al. [5,12]. 
For the introduction of these light trapping concepts into high efficiency wafer-based silicon solar cells, the 
texturing process is particularly critical. Both, the increased rear surface area due to the texture as well as plasma 
induced damages can lead to low minority carrier lifetimes [4]. From an electrical point of view, keeping both 
surfaces planar would therefore be optimal to minimize the carrier recombination. For thin film solar cells various 
concepts aim at an enhanced light trapping with planar surfaces at both sides of the active semiconductor layer, e. g. 
by adding a textured TCO layer [13–15].  
In this work we demonstrate silicon wafer solar cells based on a similar concept. They have an optically active 
layer at the rear side that is electrically decoupled from the silicon bulk by a thin, planar passivation layer. This 
optically active layer consists of a rear binary diffraction grating which was realized via Nanoimprint Lithography 
and plasma etching. The processing as well as grating dimensions allow the realization in a thin amorphous silicon 
(a-Si) layer. This would not be possible for other state of the art rear side textures (e. g. by KOH etching) [1]. 
The diffractive rear side structure can be combined with a standard front side texture to benefit from the good 
anti-reflectance properties and further enhance the light trapping. There are, however, reasons to investigate samples 
with planar front, besides the optimal electrical properties of a non-textured surface. Silicon based tandem solar 
cells, for example, are a promising concept to reach very high efficiencies with planar silicon front surface [16,17]. 
Single-side textured samples can furthermore be simulated with very low computational effort using techniques like 
the OPTOS formalism [18]. This allows for subsequent simulations regarding alternative anti-reflection coatings and 
different cell thicknesses. 
A further critical aspect of the process chain is the rear side metallization which follows the surface texturing. The 
presence of a structured metal layer as consequence of the diffractive grating would lead to stronger parasitic 
absorption [5,10,19]. Hence, a planarization of the structure with a low refractive index material is usually necessary, 
which increases the number of process steps and complicates the contact formation process [7,11].  
We therefore performed two alternative process routes, namely vapor deposition of aluminum (VD) on top of a 
locally opened SiO2 planarization layer and a laser based foil process (LFC) [20] and compared the results. Besides 
the characterization of general solar cell parameters like open circuit voltage, fill factor, efficiency and total short-
circuit current, we investigated the wavelength dependent behavior of the cells via external quantum efficiency and 
reflectance measurements. This allows insight into the light trapping effects due to the diffractive rear side grating. 
2. Experimental details 
The solar cells fabricated in this work are based on a PERT cell structure using boron doped float zone silicon 
substrates (1 cm) with a thickness of 250 μm and an area of 2 u 2 cm2. Phosphorous diffusion led to a front side 
emitter with 120 /sq. and boron diffusion to a full area back surface field with approximately 100 /sq.. Rear side 
Al2O3 passivation, structure generation and contact formation are described in detail below. As front side passivation 
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and anti-reflection coating a SiO2 layer was used. The front metallization grid was realized by photolithography, 
metal evaporation and light induced plating. 
2.1. Solar cell concept 
The solar cell concepts used in this work aims at a decoupling of the electrical passivation from the optically 
active layer. As depicted in figure 1, the introduction of a thin Al2O3 passivation layer, which was deposited via 
atomic layer deposition between the silicon wafer and the diffractive grating structure, reduces the necessary rear 
surface passivation area to a minimum [7]. This enables the fabrication of solar cells that are optically rough and at 
the same time electrically flat. From an optical point of view it would be beneficial to realize the passivation with an 
a-Si:H layer. However, keeping the Al2O3 layer thickness low (< 10 nm) results in very small optical effects and 
allows for a more robust cell structure, e. g. concerning plasma etching or firing stability.  
The diffractive structure was implemented into a sputtered amorphous silicon layer with 300 nm thickness. A-Si 
has a similar refractive index as the crystalline silicon (c-Si) bulk, which leads to high diffraction efficiencies and 
good light coupling into the c-Si absorber. Parasitic absorption in the grating layer can only occur via defect states 
since the bandgap of a-Si is higher than that of c-Si. The number of defect states might however be high due to the 
sputtering process. 
For the rear side metallization, two different process routes were evaluated. Fig. 1 a) shows the rear side grating 
with a spin coated SiO2 planarization layer. This planarization is necessary for the evaporated aluminum as a 
structured aluminum layer would lead to high parasitic absorption [5,10]. For the use of laser based foil metallization 
at the rear side [20], which is depicted in figure 1 b), the need for a planarization layer is obsolete. The resulting air 
gap is optically beneficial as it increases the diffraction efficiencies of the grating due to the higher refractive index 
contrast and leads to a better damping of evanescent waves which reduces parasitic absorption in the metal. 
Fig. 1. Concepts of the solar cells fabricated in this work. The rear side is passivated with a planar Al2O3 layer of 10 nm thickness. The diffractive 
grating structure is fabricated via NIL and plasma etching in a 300 nm thick a-Si layer that is sputtered upon the planar Al2O3 passivation. 
Thereby the optical light trapping structure is electrically decoupled from the silicon bulk. Concept a) shows a SiO2 planarization layer below the 
diffraction grating. In concept b) the the rear side contact is realized via laser based foil metallization which leaves an air gap between structure 
and planar aluminum foil rear side mirror [20]. 
2.2. Texturing process 
The diffractive rear side structure was realized via NIL and subsequent plasma etching. The EVG-Smart-NIL 
technology was used to press the PDMS stamp into a photoresist on top of a silicon substrate and thereby create a 
patterned etching mask featuring the diffractive grating structure. Afterwards the resist was cured via UV-exposure. 
The resulting pattern was transferred to the a-Si layer via plasma etching at an Oxford Plasmalab 133, using SF6 and 
O2 as etching gases. A detailed description of NIL in general can be found in [21]. The different process steps during 
the fabrication of diffraction gratings via Nanoimprint Lithography are explained in [11]. The grating structure 
parameters are chosen based on theoretical considerations published in [10] and [22]. 
Figure 2 shows scanning electron microscopy (SEM) images of the structure after NIL and plasma etching. The 
top view in figure 2 a) reveals the crossed grating symmetry of the structure with its 1 μm period. The cross section 
view in figure 2 b) illustrates the almost binary profile with a grating depth of 200 nm. Furthermore, the crystalline 
and amorphous silicon layers which are separated by the Al2O3 passivation can be clearly distinguished. 
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Fig. 2. SEM-images of the diffractive rear side grating with 1 μm period after NIL and plasma etching. (a) shows a top view of the crossed 
grating arrangement of the structure while (b) illustrates at higher magnification the almost binary profile of the structure which is etched into the 
amorphous silicon layer on top of the passivated crystalline silicon bulk. 
2.3. Rear side metallization 
The rear side contact formation in this work was performed with two different approaches which are depicted in 
figure 1 and which are described in more detail in [7]. In both processes the conducting contact between aluminum 
and silicon bulk is created locally. The contact diameter of approximately 40 μm and the 700 μm pitch of the LFC 
process lead to an affected area of only 0.3 % [7] whereas the contact opening via photolithography due to a lower 
pitch leads to 1.7 %. Besides the recombination in the contact region this is leaves 99.7 % and 98.3 % active grating 
area, respectively.  
Fig. 3. Process flow of the two metallization approaches used in this work. The aluminum vapour deposition route incorporates several process 
steps as the planarization with a dielectric low refractive index material, local contact definition via photolithography, contact opening with 
etching processes and finally the aluminum deposition. The laser based foil metallization combines several advantages. It leads to a significant 
simplification of the process chain and the air gap is beneficial for the optical properties.  
As depicted in figure 3, the aluminum vapor deposition route involves several process steps. At first, the 
structured rear side has to be planarized with a dielectric low refractive index. In our case, this was done via 
spincoating of a SiO2-nanoparticle dispersion [5]. In the following the contact openings are defined in an etching 
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mask using photolithography and the SiO2 and a-Si can be opened locally via plasma etching [7]. Before the vapor 
deposition of a 2 μm thick aluminum rear side layer the Al2O3 passivation is removed with hydrofluoric acid (HF) to 
allow for the contact formation. The laser based foil metallization incorporated at the rear side  [20] has several 
advantages. First of all it leads to a significant simplification of the process chain since the introduction of a 
dielectric planarization layer on top of the grating structure [5] is no longer necessary and the local contact opening 
[7] is combined with the laser based foil attachment. As mentioned above, there are additional optical benefits due to 
the small air gap between the aluminum foil and the silicon wafer.  
3. Characterisation results and discussion 
3.1. Process evaluation 
Measurement data of the general solar cell parameters open circuit voltage (Voc), short-circuit current (Jsc), fill 
factor (FF) and energy conversion efficiency (Ș) are displayed in figure 4. In all four graphs the cells featuring a 
diffractive rear side grating with LFC contacts (black squares) or vapor deposited contacts (red circles) are 
compared to cells with planar rear side and LFC contacts (blue triangles). Due to the small number of solar cells 
fabricated so far, the characterization results are not compared quantitatively. However, it is evident that the 
texturing process does not reduce the electrical quality of the structured cells compared to the planar references.  
Fig. 4. Open circuit voltage, short-circuit current (without spectral mismatch correction), fill factor and efficiency data of solar cells with planar 
front surface and different kinds of rear sides. The cells with rear side diffraction grating and laser fired contacts (black squares) or vapor 
deposited aluminum contacts (red dots) are compared to planar reference cells with LFC. The texturing process does not reduce the electrical 
passivation as can be seen on Voc values of up to 683.1 mV. Also both metallization schemes deliver comparable results to the planar reference 
cells. 
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The open circuit voltage of 678.9 mV, averaged over 10 grating LFC cells, and 674.1 mV over 10 grating VD 
cells, implies a high surface passivation quality. The averaged fill factor of 79.6 % (LFC) and 80.5 % (VD) proves a 
good rear side contact formation. Significant differences between the two metallization concepts regarding optical 
properties due to the air gap, created by the foil based process, could not be observed based on the results obtained 
so far. The Jsc values of the grating cells show in the IV-measurement only a little gain compared to the planar 
references. For the comparison of cells with different external quantum efficiencies (EQE, see figure 5), a spectral 
mismatch correction has to be performed. This was not done here as we directly compare the EQEs in section 3.2. 
3.2. Light trapping enhancement 
To investigate the effect of the rear side grating on the optical cell properties, and especially Jsc, in more detail, a 
spectral characterization of reflectance, external and internal quantum efficiency (IQE) was carried out at the best 
LFC-cells and is depicted in figure 5.  
For the first proof of the cell concepts, a SiO2 layer was applied for front surface passivation and anti-reflection 
coating due to the stability of the process. As its refractive index is too low for optimal light coupling into the silicon 
bulk, both EQE curves are generally limited to values below 0.9. Up to a wavelength of 1000 nm the EQE of grating 
and planar cell show a small differences which corresponds to a Jsc increase of 0.3 mA/cm2 and might be due to 
front side effects or measurement inaccuracy. In the near infrared wavelength range the reflectance of the planar cell 
is significantly increased compared to the grating cell. This effect is due to the stronger light trapping which results 
from light being diffracted by the rear side grating into angles which are outside the escape cone of the silicon bulk 
material. Total internal reflection then leads to long light paths inside the silicon. The increased EQE in the same 
wavelength region shows that a large fraction of these photons is absorbed by the silicon bulk and leads to an 
increased current.  
Fig. 5. Reflectance (red), external quantum efficiency (black) and internal quantum efficiency (green) of the best fabricated LFC solar cell with 
rear side diffraction grating. As comparison EQE und reflectance of the best planar cell are shown as well. The EQE curve is generally limited to 
values below 0.9 due to planar front surface and the SiO2 anti-reflection coating. In the wavelength range up to 1000 nm, the grating does not 
affect the cell properties. This is as expected since for a cell thickness of 250 μm only near infrared light reaches the rear side. For larger 
wavelengths the grating cell shows a strongly reduced reflectance due to the increased trapping of light that was diffracted at the rear side. As a 
large fraction of this light can be absorbed by the solar cell, the grating cell shows a significant EQE enhancement. 
400 600 800 1000 1200
0.0
0.2
0.4
0.6
0.8
1.0
 EQE Grating LFC Cell
 EQE Planar LFC Cell
 Reflectance Grating LFC Cell
 Reflectance Planar LFC Cell
 IQE Grating LFC Cell
EQ
E,
 IQ
E,
 R
ef
le
ct
an
ce
Wavelength [nm]
 Nico Tucher et al. /  Energy Procedia  77 ( 2015 )  253 – 262 259
As the focus of this cell batch was the demonstration of an increased absorptance and external quantum 
efficiency, figure 6 shows the infrared part of the spectrum in more detail and includes also the difference of the 
measured EQE curves. The corresponding Jsc gain can be calculated via weighting with the AM1.5g spectrum and 
integration of the EQE difference between 1000 nm and 1200 nm (blue shaded area). The resulting value of 
1.2 mA/cm2 highlights the significant light trapping potential due to the diffractive rear side grating even for a cell 
thickness of 250 μm. 
Fig. 6. Detailed view of the EQE measurement data from the best LFC solar cells with (black) and without (red) diffraction grating as in figure 5. 
The EQE gain (blue shaded area) results in a short-circuit current increase of 1.2 mA/cm2. Furthermore, optical simulation results of the 
absorption in the silicon bulk of both, planar and rear side structured solar cells are depicted (dashed lines). They were obtained using the OPTOS 
matrix formalism [18] as described in section 4 and show an excellent agreement with the measured EQE. The modelled layer stack consisted of 
the same layer structure as the fabricated solar cells and an assumed 10 nm thick air gap between grating and aluminum rear side reflector 
(107 nm SiO2, 250 μm c-Si, 10 nm Al2O3, 300 nm a-Si layer/rear side grating, 10 nm air gap, aluminum rear side reflector). The grid shading was 
assumed to be 3 % which is reasonable regarding the area fraction of the front side metallization. 
The corresponding Jsc gain can be calculated via weighting of the EQE with the AM1.5g spectrum and 
integration. The resulting values differ in some cases from the values obtained by the IV-measurement. The best cell 
grating cell with LFC metallization shows a Jsc of 35.0 mA/cm² in the IV-measurement (without spectral mismatch 
correction) and 35.40 mA/cm² via EQE integration.  
In summary, we successfully established two process chains to manufacture silicon solar cells with rear side 
diffraction grating without affecting the electrical behavior of the solar cell. Thereby, it has been shown, that 
optically rough but electrically planar solar cells can be fabricated. The best cell results of all investigated process 
chains are displayed in table 1.  
 Table 1. Best cell results 
 
Voc 
     [mV] 
Jsc – IV* 
    [mA/cm²] 
FF 
 [%] 
Ș 
 [%] 
Jsc – EQE 
   [mA/cm²] 
Best Grating Cell (LFC) 683.1 35.0 81.0 19.4 35.4 
Best Grating Cell (VD) 674.5 34.9 81.0 19.3 35.4 
Best Planar Cell (LFC) 680.9 34.7 79.4 18.8 34.5 
*without spectral mismatch correction 
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4. Optical potential evaluation 
Optical absorptance simulations of a structured and a planar reference stack show a very good agreement to the 
measured EQE curves. They were obtained using the OPTOS matrix formalism which allows the calculation of 
optical properties like reflectance, absorptance or transmittance of wafer solar cells with arbitrary surface 
textures [18]. The modelled layer structure was the same as the fabricated solar cells with an assumed 10 nm thick 
air gap between a-Si layer and aluminum rear side mirror and 3 % shading loss due to the front metallization. With 
simulated data matching the experimental data well we conducted further simulations with an optimized anti-
reflection coating, a variation of the cell bulk thickness and improved grating parameters. 
4.1. Optimized ARC 
The EQE of all solar cells in this work is, as described above, limited by the relatively high reflectance of the 
SiO2 ARC. To further investigate the optical potential of the fabricated cells we calculated the absorptance of the 
same layer structure as depicted in figure 6, except for exchanging the SiO2 layer with an optimized 81.5 nm thick 
SiNxOy layer [23].  
Table 2 shows the resulting Jsc values, again assuming a 3 % shading loss due to the front surface metallization. 
In order to calculate solar cell efficiencies, the best measured values for Voc and FF were used for both, planar and 
rear side grating solar cell. With the optimized single layer ARC we calculated a Jsc gain of 1.2 mA/cm² which leads 
to an efficiency increase from 20.0 % for the planar cell to 20.8 % for the cell with rear side diffraction grating.   
The optical absorptance can be further increased by application of a double layer ARC. We also calculated Jsc 
values for a combination of a MgF and SiN layer. Compared to the single layer SiNxOy, such an ARC leads to a 
significantly reduced reflectance also in the near infrared spectral region. The influence of the rear side grating is 
therefore stronger and leads to a Jsc gain of 1.4 mA/cm. 
    Table 2. Cell results, based on simulated Jsc and measured best cell Voc and FF 
 
Voc 
     [mV] 
Jsc 
       [mA/cm²] 
FF 
 [%] 
Ș 
 [%] 
Grating Cell Single Layer ARC 683.1 37.6 81.0 20.8 
Planar Cell Single Layer ARC 683.1 36.2 81.0 20.0 
Grating Cell Double Layer ARC 683.1 38.5 81.0 21.3 
Planar Cell Double Layer ARC 683.1 37.1 81.0 20.5 
4.2. Cell thickness variation 
Effective light trapping is increasingly relevant for thinner crystalline silicon solar cells as the path length of the 
light inside the absorber material is reduced. Bulk thickness variations can be efficiently calculated using the 
OPTOS formalism [18].  
Table 3 shows Jsc values of rear side grating solar cells, planar references and corresponding gain for different 
bulk thicknesses. The modelled layer stack is the same as before with the single layer SiNxOy ARC. The results 
show that a 100 μm thick solar cell incorporating the fabricated diffractive grating exhibits the same Jsc as a planar 
cell with more than 250 μm thickness. 
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        Table 3. Simulated Jsc-values incl. gain for different solar cell thicknesses 
Solar Cell Thickness Jsc Grating Cell [mA/cm²] 
Jsc Planar Cell 
[mA/cm²] 
Jsc Gain  
[mA/cm²] 
60 μm 35.44 33.71 1.73 
100 μm 36.38 34.74 1.65 
150 μm 36.97 35.44 1.53 
200 μm 37.33 35.90 1.42 
250 μm 37.57 36.24 1.33 
4.3. Improved diffraction grating 
All simulations so far incorporated the fabricated grating geometry with 1 μm period and a grating depth of 
200 nm. Peters et al. performed wave optical calculations to reach maximum light trapping with line gratings. These 
simulations led to optimized parameters of 0.99 μm as grating period and 160 nm for the grating depth [10]. Using 
these parameters for our crossed grating simulations with a grating material fill factor of 0.5 even leads to a Jsc gain 
of 1.9 mA/cm² and 2.3 mA/cm² for silicon bulk thickness of 250 μm and 100 μm, respectively. The optimum 
parameters might of course be different for crossed gratings. However, the results demonstrate that with a further 
optimized grating geometry even higher photocurrent gains and thereby also higher efficiencies can be reached. 
5. Conclusion and outlook 
Significantly enhanced light trapping induced by a rear side diffraction grating could be demonstrated on device 
level. We fabricated crystalline silicon solar cells, which are electrically flat, due to the planar Al2O3 passivation 
layer at the rear side, and optically rough, due to a binary crossed grating realized in an amorphous silicon layer via 
Nanoimprint Lithography. The EQE increase in the near infrared spectral region of the best cell compared to the 
best planar reference cell corresponds to a Jsc increase of 1.2 mA/cm². The open circuit voltages of the grating cells 
are not lower than the ones of the planar references. Values of up to 683.1 mV indicate a high surface passivation 
quality. Comparable fill factors of grating and reference cells demonstrate the successful integration of the grating 
fabrication into the solar cell process chain. The best value of 81 % leads to a total energy conversion efficiency of 
19.4 % for a cell with planar front side and SiO2 antireflection coating. 
Furthermore, two different process routes for rear side metallization, vapor deposition of aluminum onto a SiO2 
planarization layer and laser based foil metallization, were carried out and lead to comparable cell properties. An 
optical gain due to the air gap generated in the LFC process could not be observed based on the results obtained so 
far, but the route leads to a significant simplification of the process chain. 
Commercial silicon wafer solar cells do usually not have a planar front side but are textured in order to lower the 
front surface reflectance and to impose internal light redirection. However, a high efficiency potential combining a 
planar front with a diffractive rear side grating is indicated by simulated values for optimized AR coatings (up to 
21.3 %). The effect of a rear side diffraction grating in combination with a pyramidal front side texture will be 
investigated in further studies. Thereby, we aim to improve the light trapping induced by the front side texture in 
order to approach the Lambertian limit and reach even higher energy conversion efficiencies. Furthermore, solar 
cells with bulk thicknesses of 150 μm and 100 μm will be fabricated to also demonstrate the increased light trapping 
effect of the grating in combination with thinner cells experimentally [7]. 
High photocurrents with a planar front side make silicon-based tandem solar cell concepts a possible application 
for rear side diffraction gratings. One solution to further increase their total efficiency is a stronger absorption in the 
near infrared by the silicon bottom cell [16,17]. This might also be achieved by light trapping concepts as those 
demonstrated in by Eisenlohr et al. [24].  
262   Nico Tucher et al. /  Energy Procedia  77 ( 2015 )  253 – 262 
Acknowledgements 
The research leading to these results has received funding from the German Federal Ministry for Economic 
Affairs and Energy within the project ForTeS (Contract No. 0325292) and from the German Federal Ministry of 
Education and Research within the project InfraVolt (Contract No. 03SF0401). The authors thank Sonja Seitz, 
Elisabeth Schäffer, Antonio Leimenstoll, Felix Schätzle and Nadine Weber for cell fabrication and characterization, 
Winfried Wolke for sputtering the amorphous silicon, Kai Mühlbach for texturing the solar cells and Alexander Bett 
for providing data of the optimized the anti-reflection coatings. N. Tucher gratefully acknowledges the scholarship 
support from the Cusanuswerk, Bischöfliche Studienförderung. J. Eisenlohr gratefully acknowledges the scholarship 
support from the Deutsche Bundesstiftung Umwelt DBU. 
References 
[1] P. Campbell and M. A. Green, “Light trapping properties of pyramidally textured surfaces”, J. Appl. Phys., 62(1), 243 (1987). 
[2] C. Heine and R. H. Morf, “Submicrometer gratings for solar energy applications”, Appl. Opt., 34(14), 2476 (1995). 
[3] S. H. Zaidi, D. S. Ruby and J. M. Gee, “Characterization of Random Reactive Ion Etched-Textured Silicon Solar Cells”, IEEE Transactions 
on Electron Devices, 48(6) (2001). 
[4] P. Berger, H. Hauser, D. Suwito, S. Janz, M. Peters, B. Bläsi et al., “Realization and evaluation of diffractive systems on the back side of 
silicon solar cells”, SPIE, 2010. 
[5] A. Mellor, H. Hauser, C. Wellens, J. Benick, J. Eisenlohr, M. Peters et al., “Nanoimprinted diffraction gratings for crystalline silicon solar 
cells: implementation, characterization and simulation”, Opt. Express, 21(S2), A295 (2013). 
[6] J. Thorstensen, J. Gjessing, E. S. Marstein and S. E. Foss, “Light-Trapping Properties of a Diffractive Honeycomb Structure in Silicon”, IEEE 
J. Photovoltaics, 3(2), 709–715 (2013). 
[7] J. Eisenlohr, N. Tucher, A. J. Bett, H. Hauser, M. Graf, J. Benick et al., “Novel light trapping concepts for crystalline silicon solar cells using 
diffractive rear side structures”, Proc. SPIE, 9140 (2014). 
[8] R. Rothemund, T. Umundum, G. Meinhardt, K. Hingerl, T. Fromherz and W. Jantsch, “Light trapping in pyramidally textured crystalline 
silicon solar cells using back-side diffractive gratings”, Prog. Photovolt: Res. Appl., n/a (2012). 
[9] J. Eisenlohr, J. Benick, M. Peters, B. Bläsi, J. C. Goldschmidt and M. Hermle, “Hexagonal sphere gratings for enhanced light trapping in 
crystalline silicon solar cells”, Opt Express, 22(S1), A111-A119 (2014). 
[10] M. Peters, M. Rüdiger, H. Hauser, M. Hermle and B. Bläsi, “Diffractive gratings for crystalline silicon solar cells—optimum parameters and 
loss mechanisms”, Prog. Photovolt.: Res. Appl., 20(11), 862–873 (2011). 
[11] H. Hauser, A. Mellor, A. Guttowski, C. Wellens, J. Benick, C. Müller et al., “Diffractive backside structures via nanoimprint lithography”, 
Enrgy Proced, 27(0), 337–342 (2012). 
[12] A. Mellor, I. Tobias, A. Marti, M. J. Mendes and A. Luque, “Upper limits to absorption enhancement in thick solar cells using diffraction 
gratings”, Prog Photovoltaics, 19(6), 676–687 (2011). 
[13] Z. Ouyang, X. Zhao, S. Varlamov, Y. Tao, J. Wong and S. Pillai, “Nanoparticle-enhanced light trapping in thin-film silicon solar cells”, 
Prog. Photovolt.: Res. Appl., 1–11 (2011). 
[14] M. van Lare, F. Lenzmann and A. Polman, “Dielectric back scattering patterns for light trapping in thin-film Si solar cells”, Opt. Express, 
21(18), 20738 (2013). 
[15] D. Wang and G. Su, “New strategy to promote conversion efficiency using high-index nanostructures in thin-film solar cells”, Sci. Rep., 4, 
7165 (2014). 
[16] S. Essig, J. Benick, M. Schachtner, A. Wekkeli, M. Hermle and F. Dimroth, “Wafer-Bonded GaInP/GaAs//Si Solar Cells With 30% 
Efficiency Under Concentrated Sunlight”, IEEE J. Photovoltaics, 1–5 (2015). 
[17] M. Filipiþ, P. Löper, B. Niesen, S. de Wolf, J. Krþ, C. Ballif et al., “CH_3NH_3PbI_3 perovskite / silicon tandem solar cells: 
characterization based optical simulations”, Opt. Express, 23(7), A263 (2015). 
[18] J. Eisenlohr, N. Tucher, O. Höhn, H. Hauser, M. Peters, P. Kiefel et al., “Matrix formalism for light propagation and absorption in thick 
textured optical sheets”, Optics express, 23(11), A502 (2015). 
[19] S.-K. Kim, H.-S. Ee, W. Choi, S.-H. Kwon, J.-H. Kang, Y.-H. Kim et al., “Surface-plasmon-induced light absorption on a rough silver 
surface”, Appl. Phys. Lett., 98(1), 11109 (2011). 
[20] J. Nekarda, M. Graf, A. Rodofili, A. Wolf and R. Preu, “Laser based foil rear side metallization for crystalline silicon solar cells”, Proc. 
SPIE, 8473 (2012). 
[21] H. Schift, “Nanoimprint lithography: An old story in modern times? A review”, Journal of Vacuum Science and Technology B, 26(2), 458–
480 (2008). 
[22] A. Mellor, I. Tobias, A. Marti and A. Luque, “A numerical study of Bi-periodic binary diffraction gratings for solar cell applications”, Sol 
Energ Mat Sol C, 95(12), 3527–3535 (2011). 
[23] A. Bett, J. Eisenlohr, O. Höhn, B. Bläsi, J. Benick, P. Repo et al., “Front Side Antireflection Concepts for Silicon Solar Cells with 
Diffractive Rear Side Structures”, 2014, pp. 987–991. 
[24] J. Eisenlohr, B. G. Lee, J. Benick, F. Feldmann, M. Drießen, N. Milenkovic et al., “Rear Side Sphere Gratings for Improved Light Trapping 
in Crystalline Silicon Single Junction and Silicon-Based Tandem Solar Cells”, submitted to Solar Energy Materials (2015). 
